The role of inositol 1,4,5-trisphosphate (InsP3) in excitation-contraction coupling in skeletal muscle was investigated by several methods. The following results were obtained. InsP3 is released by electrical stimulation of muscles. Exogenous InsP3 releases calcium from skinned muscle fibers at relatively high doses under normal conditions but does so at very low concentrations when blockers of the InsP3 5-phosphatase are present. Blockers of InsP3 release are effective blockers of calcium transients elicited by electrical stimulation of muscle fibers. It is proposed that InsP3 acts as a chemical second messenger between transverse (T)-tubular membrane depolarization and calcium release from the sarcoplasmic reticulum in skeletal muscle.
One of the outstanding questions in muscle physiology is the mechanism of excitation-contraction coupling in vertebrate skeletal muscle. Electrical depolarization of the transverse (T) tubular system membranes somehow triggers release of Ca2+ ions from the sarcoplasmic reticulum (SR), which in turn activates the generation of tension (1) (2) (3) . Though the T-tubule and SR are only some 100-200 A apart at the T/SR junctions, their membranes and luminal spaces do not seem to be physically continuous (4) . How is the excitatory signal communicated from one structure to the other? The major present hypothesis assumes that intramembrane charge movement in the T-tubule membrane is mechanically linked to the SR membrane, causing the opening of Ca2' channels (5, 6) . No direct evidence for such remote-control valves has been obtained. We now wish to present evidence for a biochemical coupling mechanism, in which inositol 1,4,5-trisphosphate (InsP3) acts as a soluble internal transmitter. This hypothesis was first suggested by two analogies. The first is the homology between SR and endoplasmic reticulum, from which InsP3 is known to release Ca2+ in other tissues (7, 8) . Agonist stimulation of many such tissues causes the breakdown of plasma membrane phosphatidylinositol 4,5-bisphosphate [PtdIns(4,5)P2] to release InsP3 (8) . The watersoluble InsP3 releases Ca2' from ER but is eventually degraded to Ins(1,4)P2 by a phosphomonoesterase, InsP3 5-phosphatase (9, 10) . The second analogy is between the T/SR junction (11) and the neuromuscular junction (12) , where acetylcholine is accepted to be the chemical messenger (13) . By analogy with synaptic transmitters, criteria for InsP3 as an internal messenger should include the following. (i) Electrical stimulation of muscle should cause the release of InsP3. (it) Application of InsP3 onto skinned muscle fibers should cause Ca2+ release and tension development. (iii) A powerful breakdown system for InsP3 should be endogenous to the muscle; pharmacological inhibitors of the breakdown enzyme should potentiate and prolong the effectiveness of exogenous InsP3. (iv) Pharmacological inhibitors of InsP3 formation and activity should block excitation-contraction coupling; i.e., prevent T-system depolarization from releasing Ca2+.
We report here the results of experiments that suggest that InsP3 may meet all four criteria.
MATERIALS AND METHODS
The experiments on tension development were performed on segments of mechanically or chemically skinned skeletal muscle fibers isolated from the semitendinosus muscle of the frog Rana catesbeiana. Chemical skinning was performed by exposing muscle fibers for 10-20 min to saponin ,ug/ml) (14) added to the relaxing solution described below. Mechanical skinning consisted of carefully splitting a segment of muscle fiber immersed in relaxing solution. Short segments (5-8 mm long) of skinned fibers were attached to a fixed hook and to a high sensitivity capacitive tension transducer. Tension was recorded on both chart paper and FM tape. The relaxing solution contained 110 mM potassium aspartate, 20 mM potassium Mops, 5 mM phosphocreatine, 100 ,uM EGTA, 3 mM ATP, and 3 mM MgSO4. The ATP and Mg2+ concentrations were adjusted in order to set the concentration offree Mg2+ at chosen levels. The values ofthe free Mg2+ concentration given in the text and figure legends were calculated assuming an effective Kd of 100 ,uM (15) . The pH of the relaxing solution was adjusted to 7.05, and the pCa to 7 by adding CaCl2 and measuring pCa with Ca2+-selective electrodes (16) . The fibers were mounted in a chamber that consisted of a trough 25 mm long and 2 mm by 2 mm in cross-section. Solutions could be exchanged to within 95% in about 2 sec. The inositol phosphates used in these experiments were obtained as follows: Ins(1,4,5)P3, Ins(1,4)P2, and Ins(4,5)P2, from C. Ballou (University of California, Berkeley); InsP3 (probably a mixture of the 1,4,5 and 1,3,4 isomers) from Sigma; and InsP3 (probably mostly 1,4,5 isomer) from erythrocyte ghosts by following a procedure described in ref. 17 . The calcium contamination of the InsP3 primarily used in these experiments (from C. Ballou) was less than 10 ,uM for a 3 mM stock solution in water.
Biochemical measurements of the production of inositol phosphates were made on intact pairs of frog sartorius and semitendinosus muscles with wet weights from 0.5 to 1.2 g. A symmetrical pair of muscles was incubated for 12-24 hr at 4°C or 3-4 hr at 27°C in Ringer's solution containing myo- [2-3H] inositol (Amersham; 14 Ci/mmol; 1 Ci = 37 GBq) at a total concentration of 5-12 ,uM and then were washed three times in Ringer's solution at 4°C for up to 1 hr. The control muscle was frozen in liquid Freon at -100°C, and the other was mounted on a rigid-rod assembly with one tendon attached to a tension transducer and the other fixed to a hook, allowing adjustment of the muscle length to its slack value.
Abbreviations: InsP3, inositol 1,4,5-trisphosphate; Ptdlns, phosphatidylinositol; SR, sarcoplasmic reticulum.
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The muscle could be stimulated by passing current between two Pt wires touching its surface. The amplitude of a 4-msec stimulus pulse was adjusted until maximal twitch tension was observed; only a few stimulations were used during this process. The muscle was then tetanically stimulated with a frequency and duration chosen for the experiment. At the end of the stimulation period, the muscle was rapidly frozen, while still being stimulated, by immersing the rod assembly in liquid Freon at -100'C. The tension records demonstrate that there was no mechanical relaxation during the freezing process. The frozen muscles were later transferred to liquid N2, individually ground to a fine powder, and homogenized in 3 ml of an ice-cold solution containing 10% trichloroacetic acid, 1 mM CdCl2,,and 6 mM EGTA. The homogenate was neutralized with KOH, diluted to 12 ml with water, and centrifuged at 12,000 x g for 20 min, and the supernatant was passed through a 1.5-ml column of Dowex 1X8 anionexchange resin (400 mesh; formate form) to separate and quantify inositol phosphates, following standard column separation and scintillation counting procedures (17) (18) (19) .
Calcium transients were recorded from cut semitendinosus fibers diffused with the Ca indicator dye arsenazo III in a Vaseline gap chamber modified for optical recordings (20, 21) . The dye and the drugs used in this study were diffused into the myoplasm from the cut ends of the fiber in pools E and C of the Vaseline gap chamber (20, 21) .
RESULTS
Electrical Stimulation Releases InsP3. The first line of evidence for a role of InsP3 in muscle is that electrical stimulation does increase the myoplasmic concentration of inositol phosphates. Fig. 1 shows the results from a stimulated muscle compared with its unstimulated control. Watersoluble inositol phosphates extracted from both muscles were assayed by the usual protocol of stepwise elution from an anion-exchange resin (see Materials and Methods). which the Ca stores are more directly exposed to the externally applied InsP3 (7, 8) . We believe that the differences in sensitivities can be attributed at least in part to diffusional barriers and to a powerful enzymatic system for breaking down InsP3 in muscle. The enzyme responsible for the first step in deactivation, InsP3 5-phosphatase, has been studied in other preparations and has been found to be inhibited by lowering the Mg2+ concentration or adding inhibitors such as 2,3-bisphosphoglycerate, Cd2 , Zn2+, or Ag+ (9, 10) . We have tested the first three of these manipulations and have found that all of them have a distinct potentiating effect on the mechanical response of skinned fibers following application of InsP3. Fig. 3 Fig. 3 is too dramatic to be explained solely by the known effect of Mg2+ on the sensitivity of the contractile proteins to Ca2+ (22, 23) .
Cd2+, another inhibitor of the InsP3 5-phosphatase, is also quite effective at potentiating InsP3 contractures, especially in combination with lowered Mg2+ concentration (Fig. 4) ly suggest some major role for InsP3. A simplified scheme of the major steps proposed to occur at the T/SR junction is presented in Fig. 6 . This scheme relies heavily on others described for other tissues (8) but has been modified for the specific case of skeletal muscle in that, instead of agonist binding to a receptor, the voltage change across the T-system membrane is proposed here to have the primary activating role on the hydrolysis of PtdIns(4,5)P2 by a phosphodiesterase (PDE) to release InsP3 and diacylglycerol (DG).
Most of the experiments showing generation of InsP3 in tetanized muscle (e.g., Fig. 1 ) used stimulation periods of 3 sec or longer. They are therefore not sufficient to decide whether InsP3 is generated on the millisecond time scale required for a primary role in excitation-contraction couIns pling. Better quantification of the time course and absolute amount of InsP3 released will obviously be an important goal of future experiments, especially if the powerful InsP3 5-phosphatase can be partially arrested. It is worth remembering that acetylcholine is accepted as the transmitter at the neuromuscular junction even though its release there is chemically detectable only with heavy repetitive stimulation and acetylcholinesterase inhibition (27) . In addition, the freezing method used here may not be fast enough throughout the whole muscle to completely suppress the InsP3 phosphatase activity, possibly resulting in larger stimulated-vs.-control differences in the InsP2 and InsP peaks relative to the InsP3 peak. Similar effects are observed in other tissues known to use InsP3 as a messenger (19) . Future studies should compare the release of inositol phosphates with the metabolism of phosphatidylinositol phosphates in control and activated muscles. Such work would extend the experiments of Novotny et al. (28) , who showed that prolonged K+ depolarizations increased [32P]phosphate incorporation into phosphatidylinositol in muscle.
Our results show that skinned muscle fibers do contract in response to exogenous InsP3 and that the response becomes faster and requires less InsP3 when steps are taken to inhibit the InsP3 phosphatase (Figs. 2-4) . We have observed much faster responses by direct local pressure injection or iontophoresis of InsP3 from a micropipette pressed against the surface of a muscle fiber (24) , in which local sarcomere shortening occurred in well under a second. More sophisticated techniques, such as photochemical release of InsP3 from a "caged" derivative, will be needed to determine the true kinetics of the response to InsP3 and to determine whether this is compatible with the speed of excitation-contraction coupling. Use of dyes to measure both the T-system (30) . Though diffusion times are likely to contribute very significantly to the response latency to exogenous InsP3, they would be negligible for InsP3 generated in the T/SR junction from endogenous PtdIns (4 5 small number compared with the -106 total phospholipid molecules per pUm2 (31) .
Although the results of neomycin blockade of excitationcontraction coupling are consistent with a transmitter role for InsP3, we have yet to prove that neomycin acts in muscle by blocking InsP3 formation rather than by blocking Ca2' channels in the SR. However, our results show that neomycin is at least more specific than tetracaine or procaine, known blockers of excitation-contraction coupling (32, 33) , since these local anesthetics also affect Na+ and K+ conductances (34, 35) . It is also not proven that Cd2+, Ni2+, 2s3-bisphosphoglycerate, and lowered Mg2+ concentration act in muscle by inhibiting InsP3 phosphatase, although it is not obvious what other hypothesis could account for the similar effects of such disparate agents. The well-known ability of extracellular Cd2+ and Ni2+ to block Ca2' channels does not explain the enhancement of skinned-fiber contraction reported here. However, the reported ability of : 10 ,uM Cd2+ to induce Ca2+ release (36) and block ATPase activity (37) in isolated SR preparations might affect our results. Nevertheless, our experiments and those in which the blockage of the InsP3 phosphatase was studied in vitro (10) were both done in the presence of EGTA at concentrations in which the calculated free Cd2+ concentration is in the subnanomolar range.
The mechanism by which InsP3 formation might be controlled by T-tubular membrane potential remains unclear. In other systems, two mechanisms have been proposed by which a chemical receptor can trigger the enzymatic hydrolysis of PtdIns(4,5)P2: GTP-binding coupling proteins (38) and changes in PtdIns(4,5)P2 head-group conformation (8) . In muscle such mechanisms would have to be activated by the T-tubular membrane depolarization. Conformational changes in transmembrane coupling proteins or PtdIns(4,5)P2 head group might be responsible for the charge displacements proposed to be associated with excitation-contraction coupling (5) . These hypotheses should be experimentally testable.
Obviously, a role for InsP3 as primary transmitter requires that its formation be independent of any rise in cytoplasmic Ca2+ concentration, as has recently been demonstrated in secretory cells (39, 40) . In some systems (e.g., human erythrocytes), InsP3 can also be stimulated by high levels of Ca2+ (17) . If such a mechanism exists in muscle, it could help to explain the phenomenon of Ca2"-induced Ca2l release, which also requires high levels of Ca2+ (41) . At present we cannot definitively exclude the possibility that the results shown in Fig. 1 
